Introduction
Whole blood is a complex, heterogeneous, multi-cellular suspension, the importance of which cannot be overstated. Blood is responsible for gas exchange, nutrient transport, waste removal, cell signaling, immunomodulation and immunoprotection, wound healing, and overall homeostasis. The cellular (~45%) and plasma (~55%) components of blood, while distinct, are interdependent and essential for maintaining proper functions. The phenomenon of mechanical blood trauma arises from the exposure of flowing blood to nonphysiological conditions found within circulatory assist devices (CADs), summarized concisely as "too many nonphysiological factors affecting too many physiological objects." Although essential to the dynamic, non-Newtonian rheological properties of blood which provide adaptive viscosity in various compartments of the vascular system. This is in turn responsible for the vessel wall shear stresses that affect endothelial function. Healthy platelets are 2 µm to 3 µm in size, with an in vivo life span of about 10 days and a concentration of 0.15 to 0.45 million/mm 3 of blood. Their major function is to prevent and stop bleeding by creating plugs/clots involving the very complex coagulation cascade. As a key component in hemostasis, platelets are extremely sensitive to the factors listed above leading to their activation, aggregation, deposition, or dysfunction. Due to exposure to nonphysiological environments, activated platelets may create microthrombi in the CAD that can cause the device to fail and/or create emboli, potentially blocking blood flow to vital organs. The standard practice to temper the risk of CAD thrombogenicity is to administer anticoagulants directly into the blood (such as heparin) or indirectly by pills (such as warfarin, clopidogrel, etc.), an intervention that raises the risk of unintended bleeding. Consequently, coagulopathyrelated complications (including bleeding, thromboembolism, neurological dysfunction, and pump thrombosis) are the leading cause of adverse events in patients on mechanical circulatory support (1) . Therefore, the reduction of blood damage remains a major challenge for developers of blood-contacting devices.
Over many decades, there have been an abundance of studies on blood damage to understand, reduce, and eliminate complications related to blood-contacting foreign surfaces and nonphysiological flow conditions. The best known, easily detectable, and reproducible marker of in vivo or in vitro blood damage is hemolysis, which is manifested by hemoglobin released from ruptured, overstretched, overheated, or prematurely aged RBCs, or some combination thereof. Numerous publications are dedicated to the in vitro, in vivo, and computational investigations of the fluid dynamic and microenvironmental conditions in CADs leading to device-induced hemolysis and the consequences of plfHb in blood. Despite considerable efforts by device developers to mitigate the risk of blood trauma, a significant increase in hemolysis takes place preceding the diagnosis of pump thrombosis. This phenomenon is associated with substantial morbidity and mortality of CAD recipients, which is now increasingly reported (2) (3) (4) .
Sublethal trauma, which is difficult to detect and characterize compared to hemolysis, has yet to receive much attention. Even mild hemolysis in vivo, which is not an abrupt threat to renal function, can be a harbinger of potential ongoing damage to other blood components (including platelets, white blood cells, von Willebrand factor, etc.), which can cause or indicate serious complications like thrombosis. Therefore it is important to assess the susceptibility of blood to sublethal trauma or possibly the extent of sublethal damage incurred to serve as an early diagnostic marker. While there are many questions regarding what tests could predict complications, unfortunately no machine or single experiment exists that can measure both lethal and sublethal injury in a CAD patient's blood. Acknowledging the breadth and depth of sublethal blood damage, this review will primarily focus on sublethal trauma to RBCs including the mechanisms of damage, the resulting physiological changes, and the consequences of pathological erythrocytes.
Hemolysis
Extensive experience with heart-assist devices has demonstrated that they have the propensity to damage blood to some extent. Therefore, special attention must be paid to the prediction and reduction of blood damage when designing, testing, and clinically operating CADs. The prolonged contact and collision between blood cells and foreign surfaces, cavitation, excessive exposure to high fluid stresses, and turbulence may cause the complete mechanical destruction of RBCs. These factors can also denature proteins, activate platelets and leukocytes, elevate inflammatory mediators, cause complement activation, and change the mechanical properties of red blood cells akin to accelerated aging (5) (6) (7) (8) (9) (10) . Hemolysis manifests clinically as anemia, fatigue, jaundice, hematuria, and kidney failure, among many other symptoms (11) . In addition to renal damage, mechanical hemolysis can cause hypercoagulation, bleeding, thromboembolism, and neurologic dysfunction (stroke, altered mental status, etc.) (5, 7, 12) . Even low levels of hemolysis have been shown to drastically increase RBC aggregation at low shear conditions (13) . Additionally, the release of hemoglobin from the overstretched RBCs into the plasma may have a toxic effect on the cardiovascular system due to its ability to bind nitric oxide, an endothelium-derived relaxing factor, leading to vasoconstriction, hypertension, renal damage, and platelet activation (14) . By the end of the 19 th century, it was already recognized that hemolysis promotes intravascular thrombosis (15) . Experiments using stroma-free RBC lysate revealed that a hemoglobin concentration as low as 30 mg/dL induced spontaneous platelet aggregation, which increased in direct proportion to the concentration of lysate (16) .
Sublethal rBC damage
For many decades, it has been observed that the mechanical properties of RBCs could be altered during prolonged exposure to shear stresses well below the hemolytic threshold (6) . The concept of sublethal RBC damage was first introduced by Dr. Galletti (a pioneering researcher in artificial organs and tissue engineering), who attributed the observed development of anemia and shortened RBC life spans in animals that underwent extracorporeal perfusion for 10 to 48 hours to a process of ongoing sublethal blood trauma (17) . Additional studies by Bernstein et al and Indeglia et al confirmed this relationship between subhemolytic shear stresses during assisted circulation and the premature removal of damaged RBCs, eventually leading to postperfusion anemia (18) (19) (20) . This sublethal trauma is much harder to detect and characterize than total lysis. The experiments of Sandza et al, where isolated rabbit spleens were perfused by a mixture of sheared and nonsheared autologous RBCs, proved that the spleen could "recognize" and selectively remove cells that had been exposed to shear stresses lower than 10 Pa for 2 hours, suggesting that some changes had occurred to the mechanical or chemical properties of the RBCs (21) . Clinically observed, chronic anemia in patients supported with CADs is sometimes attributed to undetermined mechanisms (22) . However, it might directly result from the sublethal RBC damage and lifespan shortening described by Galletti. This is corroborated by previously published clinical data on anemic patients with circulatory support devices and heart valves that showed alterations in patient blood rheology such as increased blood viscosity, RBC aggregation, and decreased RBC deformability (22) (23) (24) (25) . Moreover, an increasing occurrence of thrombosis and inflammatory events without measurable hemolysis may be unknowingly triggered by sublethal damage to blood, as it is not yet a part of clinical practice.
rBC deformability
RBC deformability is critically important for the passage of these cells through the entire vascular system, including the smallest capillaries in microcirculation, to provide adequate transport of gases, sufficient supply of nutrients, and efficient removal of waste products. It has been found that naturally aged RBCs are removed from circulation by the spleen as they become less deformable (26) . Each single RBC enters the spleen about twice per hour where it is "tested" for the ability to pass through tiny slits in the red pulp. The body applies this built-in "rheometer" to measure RBC deformability and remove those that fail this examination. Therefore, the deformability of RBCs appears to be the major determinant of their survival in the vascular system, and hence, their lifespan. RBCs exposed to extensive mechanical stress can therefore be prematurely removed from circulation because of an increase in their rigidity. In this context, sublethal trauma may be considered analogous to an accelerated RBC aging process. Healthy RBCs are able to enter and pass through much smaller capillaries, thus decreasing blood viscosity 5 to 6 times below that of blood containing rigid RBCs (27) . Impairment of RBC deformability reduces the number of functioning capillaries, inducing tissue ischemia. The decrease in RBC deformability after exposure to mechanical stress has been reported in many studies (28) (29) (30) (31) (32) (33) (34) . Baskurt et al illustrated this phenomenon by subjecting human RBCs to a uniform shear stress of 120 Pa for 15 to 120 seconds at 37°C. This level of stress significantly impaired RBC deformability as assessed by ektacytometry, with no visible hemolysis observed in the sheared RBC suspensions (31) . Kameneva et al demonstrated that the reduction of RBC deformability induced by mechanical stress was worsened when combined with hypothermia and a decrease in plasma protein concentration due to hemodilution, especially in cases of moderate and deep hypothermia widely applied during cardiopulmonary bypass in infants (28) . Dao et al found a reduction of human RBC filterability accompanied by significant changes in the RBC lipid bilayer due to exposure of RBC suspensions to sublethal shear stress of 100 Pa for 120 seconds (35) .
There are various methods for the assessment of RBC deformability described in the literature including but not limited to micropipette aspiration, filtration, viscometry, and imaging-based modalities (36) . Ektacytometry, a common imaging-based technique, uses laser diffraction analysis to assess cellular deformation in low hematocrit RBC suspensions under shear (37) . These authors prefer to assess RBC deformability with bright-field illumination instead, enabling direct visualization of cell shape, using the Linkam Optical Shearing Stage (CSS-450; Linkam Scientific Instruments) (29) . The apparatus consists of a parallel disc sample chamber with an adjustable height top plate (typically 10-20 μm) and rotating bottom stage. RBC samples are suspended in a concentrated polyvinyl pyrrolidone (PVP) solution (µ = 30 cP or mPa·s) and exposed to Couette flow at various shear rates while simultaneously observed using a synchronized CCD camera (QI-CAM Fast Color, QImaging). The resulting images are then analyzed to quantitatively determine cell deformability using ImageJ (NIH) or automated software to yield an Elongation Index calculated as (L-W)/(L+W), where L is the length and W the width of the RBC under shear. A representative image produced by the Linkam system is shown in Figure 1 , where a mixture of normal and rigidified RBCs was sheared at (A) 0 and (B) 1000 s -1 (corresponding to a shear stress of 0 and 30 Pa, respectively).
RBC aggregation
The RBCs of human and some other mammalian species, especially athletic versus sedentary ones such as a horse, feline and antelope, build aggregates that can be observed in blood in vitro and in vivo under no flow or low flow states. RBC aggregation is caused by fibrinogen and other large protein molecules in blood plasma. The physiological significance of RBC aggregation is not yet fully understood, but it has been shown to promote the development of a cell-depleted plasma layer near walls of small blood vessels, thereby reducing wall shear stress loading and diminishing the release of endothelium-dependent vasodilators (38) . A drastic increase in RBC aggregation at low flow conditions has been seen even at low levels of hemolysis (39) . Furthermore, it is known that an increase in RBC aggregation relative to normal physiological levels is associated with inflammation, infection, or some other pathological states; which is usually related to an increase in the concentrations of plasma fibrinogen, immunoglobulin, and other plasma macromolecules (40, 41) . The majority of preclinical animal studies for CADs are performed in ruminants because of their acceptable size, docile behavior, long-term manageability, and cost effectiveness (42) . Despite a relatively high physiological concentration of fibrinogen for bovines (up to 0.5-0.8 g/dL), ovines and bovines typically exhibit no RBC aggregation. Nevertheless, it was possible to observe aggregation of RBCs in bovine blood during CAD implantations as shown in Figure 2 (43) . Figure 2A is a micrograph of blood from a CAD-implanted animal with a fibrinogen concentration of 1.0 g/dL showing a very strong aggregation of RBCs. Due to a typical postsurgical reaction after CAD implantation, these animals exhibited increased fibrinogen levels. Figure 2b shows blood of a control calf with no tendency for RBC aggregation. When RBCs of this normal calf (B) were resuspended in the plasma of the implanted calf (A), they still did not show any tendency to aggregate (C). However, RBCs of the CAD-supported calf (A) re-suspended in the plasma of the control calf (b) began aggregating (D) even at the much lower fibrinogen concentration of 0.2 g/dL in plasma. The same phenomenon was reported during testing of CAD-implanted ovines (44) . These observations support the hypothesis that sublethal mechanical stress increases RBC aggregability, perhaps via decreased membrane sialic acid concentration and cell surface negative charge, which normally creates repulsing forces between RBCs (34, (45) (46) (47) . While the difference in RBC aggregation behavior in these preclinical models should be noted, the abnormal aggregation of ovine or bovine erythrocytes may serve as an indicator for sublethal blood trauma during CAD testing. RBC aggregation is of basic scientific and clinical interest, with a number of reports associating a strong increase in this parameter to multiple pathologies, and a variety of experimental studies aimed at finding and testing drugs that are able to reduce RBC aggregation. Yet the advantages and disadvantages of having low or no RBC aggregation are not clear. A significant increase in RBC aggregation from CAD-induced sublethal mechanical blood damage could affect patient microcirculation by increasing the near-wall cell-free layer, allowing more platelets and leukocytes to concentrate near the vessel wall. This in turn, may promote inflammation (due to excess leukocytes) and thrombosis (due to excess platelets), which are major complications of mechanically assisted circulation.
There are several methods used for evaluating RBC aggregation, namely, photometric techniques based on alterations of light reflectance or transmittance of RBC suspensions during the process of cell aggregation using special aggregometers (e.g., Myrenne Aggregometer or RheoScan) (48) . In addition, RBC aggregation can be assessed using low-shear blood viscosity and erythrocyte sedimentation rate (ESR) parameters (49) . Since the concentration of RBCs strongly affects the results of any aggregation measurement, the hematocrit of the blood sample should be always adjusted to a "standard" value (traditionally, 40% for most methods).
Mechanical fragility of red blood cells
The sensitivity of RBCs to mechanical stress is one indicator toward the extent of sublethal damage to blood. A sensitive method to assess the mechanical fragility (MF) of RBCs is the Rocker-bead MF test (50) , which could be used during CAD support to warn of blood damage preceding measurable hemolysis (51) . A corresponding Mechanical Fragility Index (MFI) is calculated by measuring the amount of free hemoglobin generated after blood vials containing stainless steel ball bearings are subjected to a defined amount of mechanical stress by rocking at specific parameters for a controlled period of time (50, 52, 53) . The Rocker-bead MF test was found to be a practical, straightforward, and reproducible way to determine changes in RBC susceptibility to mechanical stress related to aging, excessive exposure to mechanical stresses, or disease states. It is worth noting that RBC mechanical fragility in human neonates was found to be higher than that in adults (54) . In all tested species, younger RBCs were found to be less fragile than senescent RBCs (34, 55) . This test has demonstrated that RBCs from blood obtained from premenopausal women were significantly less susceptible to shear stress-induced hemolysis compared to those obtained from age-matched males (56) . The Rocker-bead MF test has also been applied to compare mechanical blood damage produced by cell salvage suction devices and more recently was used for evaluating sublethal RBC injury induced by Blood Bank storage (57, 58) . While there was no significant difference in MF observed between ABO groups, there was a strong increase in RBC fragility proportional to storage time. In the same study of the Blood Bank-stored donor RBCs, the cells were tested for potential changes in their rheological properties using a viscoelasticity analyzer (Vilastic-3; Vilastic Instruments). All stored RBC suspensions demonstrated a progressive increase in viscosity and cell rigidity at equivalent shear rates over 7 weeks of storage, indicating a significant decrease in RBC deformability over that period of time (58, 59) . The clinical effects of storage time on donor RBC units, including cell membrane changes, decreased oxygen deliverability, and increased oxidative species -termed RBC storage lesion -is well established (60, 61) .
Because of the dependence of the Rocker-bead MF test results on RBC concentration, any comparison between groups or time points requires the adjustment of the sample hematocrit to a "standard" value before testing as performed in the studies presented above (58, 61) . Further work to improve the test, including eliminating the additional time for hematocrit normalization and significantly reducing the blood volume requirement, would expand the utility of the Rocker-bead MF-test as an important scientific and possibly clinical hematological parameter.
Protection of red blood cells from mechanical trauma
Several studies have demonstrated potential ways to reduce mechanical blood trauma caused by CAD using biocompatible and rheologically active additives to blood (31, (62) (63) (64) (65) . Kamada et al used albumin additives to the priming solution during extracorporeal circulation in patients undergoing coronary bypass surgery to prevent erythrocyte crenation, thus improving RBC deformability. This modification of the procedure also improved microcirculatory flow in patients undergoing open heart surgery (62) . It is important to note that current circuit priming strategies, especially in pediatrics, remain unsettled over the use of albumin, synthetic colloid suspensions, packed RBC units, fresh frozen plasma (FFP), or some combination therein, due to clinical concerns of hemodilution, inflammation, bleeding, and cost effectiveness (66) (67) (68) (69) (70) . Though as indicated in this review, sublethal mechanical blood trauma likely plays a role in some of these complications. Armstrong et al demonstrated that the nonionic surfactant poloxamer-188 (RheothRx) protected RBCs from damage caused by mechanical stress and reduced leakage of ADP from RBCs, thus potentially inhibiting ADP-induced platelet aggregation. The authors proposed that nonspecific adsorption of copolymer to the RBC surface via the hydrophobic polyoxypropylene moiety was responsible for shielding them from mechanical damage. RheothRx injection has subsequently been shown to effectively treat acute ischemic disorders such as myocardial infarction (63) .
Various plasma proteins have likewise demonstrated protective effects on RBC mechanical damage (64) . In these studies, bovine cells suspended in various solutions were simultaneously exposed to the same mechanical stress using the standard RBC mechanical fragility test (as described above) in experiments performed at room temperature with controlled osmolality and viscosity of the suspension media. The lowest hemolysis was obtained for RBCs suspended in serum, plasma, and albumin solutions; while hemolysis in phosphate buffered saline (PBS) or in dextran (Dextran-40) suspensions was over 3 times greater than in plasma (p<0.001). The presence of relatively small amounts of plasma (30%) in PBS media significantly (p<0.001) decreased mechanical hemolysis compared to RBCs suspended in PBS only. The clinical significance of these results is that a decrease in the concentration of plasma proteins due to hemodilution may elevate blood damage during extracorporeal circulation (64) . Protective effects of a 4%-modified fluid gelatin solution and a 4% albumin solution on blood bank-stored RBC exposed to mechanical stress has been reported by Sumpelmann et al (71) . A similar protective effect was demonstrated by replacement of 20% of blood plasma with a perfluorochemical-based blood substitute in in vitro experiments, promising improvement in blood oxygenation as well (65) . An additional benefit of this additive was a decrease in low shear viscosity and erythrocyte sedimentation rate, both related to the ability of the perfluorochemical emulsion to reduce RBC aggregation. Finally, a significant reduction of mechanical hemolysis was observed in suspensions of bovine RBCs in autologous bovine plasma and/or polyethylene glycol (PEG ~20,000 MW; Sigma) compared to Dextran-40 (40,000 MW; Sigma) and PBS as shown in Figure 3 (72) .
Effects of sublethal RBC damage on platelets
Exposure of platelets to supraphysiological mechanical stress can cause their activation and eventual dysfunction with far-reaching implications (73) (74) (75) (76) (77) . However, in addition to hemolysis-induced platelet activation, there is growing evidence that sublethal erythrocyte damage promotes platelet activation as well. The potential loss of smaller molecules such as ATP and 2-3diphosphoglycerate (2-3 DPG) through 10 Å to 20 Å micropores in stretched RBCs was described by Sutera (6) . Alkhamis et al followed with a study that found a 2% release of ADP from RBCs under shear induced platelet aggregation in vitro (78) . The leakage of these platelet activating factors was also found after short exposure times of blood in extracorporeal systems (6, 79) .
In addition to the agonistic effects of intracellular RBC contents, there is a rheological aberration that contributes to platelet behavior (80) . For example, alterations in RBC deformability may modify their effect on platelet transport to boundary walls (81) (82) (83) . Using chemically-modified RBCs to change deformability, Aarts et al showed an increase in platelet adhesions with increasing RBC rigidity within isolated arteries in vitro (84) . This was corroborated in a follow-up, double-blind, clinical, in vivo study using isoxsuprine, a vasodilator found to increase erythrocyte deformability, which supported the previous findings that increased RBC deformability reduces platelet-wall interaction and adhesion (85) . The results of computational simulations demonstrated that at a wide range of shear rates and hematocrit values, the rate of platelet adhesion is mainly limited by the frequency of their near-wall rebounding collisions with RBCs (86) . These findings suggest that to examine and address thrombotic complications without the consideration of the rheological and biochemical influence of erythrocytes may be a gross oversimplification and should not be overlooked when investigating thrombosis in CADs.
Final notes
First-generation, pulsatile-flow ventricular assist devices and now continuous-flow, rotary blood pumps has broadened the availability of CADs for patients with heart disease. While mechanical circulatory support has been gaining acceptance, there are growing reports of CAD-associated complications that require consideration including device thrombosis and nonsurgical bleeding (1, 3, 4, (87) (88) (89) (90) (91) (92) . Due to "first-in, first-out" policies to minimize waste, packed RBC units given to patients within the United States are typically close to their maximum storage duration limit (average 42 days) as dictated by the Food and Drug Administration (FDA). Since collected erythrocytes already have an age distribution before subsequently spending one-third of their lifespan deteriorating ex vivo, it is unsurprising that a 25% loss of donor RBCs within 24 hours of transfusion, while physiologically taxing, is still considered clinically acceptable (93, 94) . The consequences of administering blood products (e.g., inflammation, allosensitization, pulmonary hypertension, right heart failure, hepatic congestion, coagulopathy, and mortality) are established, but acute and chronic postoperative transfusions remain prevalent for CAD-implanted patients (88, 95, 96) . Although bleeding is unavoidable from surgical insult, one center reported an average packed RBC transfusion rate after implantation of 5.7 units per patient overall with an upper limit of 120 units (97) .
With the acknowledgment that there is a significant increase in the mechanical fragility of stored Blood Bank RBCs and the results of sublethal mechanical stress from CADs, it appears paradoxical to transfuse patients on mechanical circulatory support only for these cells to lyse, be prematurely removed by the spleen, and unable to improve microcirculation. In the absence of active bleeding and clinically intolerable anemia, the use of bone marrow-stimulating therapies, such as erythropoietin, should be considered to encourage native production of healthy and well deformable erythrocytes that will remain in circulation longer. For CAD patients who require immediate transfusion, a new policy to infuse only recently donated blood products (for example: less than 7-days-old) and targeting a lower acceptable hemoglobin concentration goal, may maximize the clinical utility of each administered unit (93, 94) . Indeed, a study published in the New England Journal of Medicine (NEJM) showed no difference in outcomes for critical condition patients who were transfused when blood hemoglobin dropped below a threshold of 7 g/dL versus 10 g/dL (98) . Even more promising, a community teaching hospital saw a 28.6% reduction in associated complications after implementing an interventional monitoring program requiring physician adherence to restrictive transfusion criteria and blood product delivery protocols (99) . Furthermore, despite critical care studies that suggest no difference between crystalloid and colloid solutions during general fluid resuscitation (100), for postoperative volume replacement in CAD patients one should consider the use of albumin and/or fresh frozen plasma (FFP) to improve microcirculation by reducing RBC aggregation and to protect RBCs from the increased mechanical stresses associated with blood pumps.
Additional research is needed to further elucidate the factors, thresholds, and boundaries that define the realm of sublethal RBC trauma. We hypothesize a profile can be developed that describes sublethal RBC damage as a function of shear stress, exposure time, and cumulative history. This would be similar to how the "Leverett curve" has been used to suggest the hemolytic threshold between shear stress and exposure time (29, (101) (102) (103) .
It seems that there is no way to completely avoid mechanical damage to blood cells produced by CADs. However, we should try to curb or diminish the negative impact and complications produced by mechanically damaged blood cells on organ and tissue functionality. While hemolysis is typically considered a symptom that will resolve after addressing the underlying condition, the consequences of free hemoglobin even at subclinical thresholds support exploring the simultaneous use of treatments to minimize its deleterious effects until complete resolution. Another example of such action is the potential modulation of blood traffic in microvessels that can be provided by nanomolar concentrations of blood soluble polymeric molecules, the so called drag-reducing polymers or DRPs (104) . It is well known that inside microvessels with diameters below ~300 micron, well-deformable RBCs tend to move toward the vessel center, leaving a cell free layer near the vessel wall (Fåhraeus effect) (105) . Due to this natural phenomenon, other blood cells (platelets and leukocytes) and less deformable RBCs flow closer to the vessel wall and at each microvessel bifurcation, a larger fraction of these cells are skimmed to side branches. RBC aggregation additionally stimulates the relocation of normal deformable RBCs toward the vessel center. Therefore an increase in RBC aggregation (e.g., due to mechanical damage and/or inflammation) promotes the margination of less deformable RBCs. Due to this segregation at bifurcations, mechanically damaged RBCs, which are concentrated near the vessel wall, enter into the capillary beds while healthy RBCs are shunted past, resulting in low tissue perfusion. Blood-soluble macromolecules such as polyethylene oxide (PEO) prevent shifting of the well-deformable RBCs toward the center of the vessel, providing equal distribution of blood cells across the vessel lumen (106) . Increased near-wall traffic of normal RBCs in microvessels will improve gas exchange, reduce the accumulation and attachment of leukocytes and platelets to the endothelial cells, and stimulate the release of nitric oxide -a well-known vasodilator.
In summary, the rheological and biochemical impact of sublethal damage to blood should not be overlooked when investigating thrombosis, hemolysis, or anemia in CAD patients. Though mechanical trauma in blood pumps is commonly categorized as either erythrocyte destruction or coagulopathy centered, it is important to keep in mind the interdependence of all blood and blood flow components during the design, development, and use of CADs. 
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